A study on peat soil stabilization by using cement and different natural fillers is presented in the paper. In the scope of this study, natural fillers are mixed at various dosages with cement treated peat in order to evaluate the unconfined compressive strength. The results indicate that the mix design of 300 kg/m Utjecaj prirodnih punila na posmičnu čvrstoću treseta ojačanog cementom U radu su prikazana istraživanja stabilizacije tresetnog tla cementom i različitim prirodnim punilima. U svrhu istraživanja, prirodna punila u različitim su omjerima pomiješana s tresetom ojačanim cementom te su izmjerene tlačne čvrstoće. Rezultati upućuju na to da mješavina s 300 kg/m 3 cementa i 125 kg/m 3 dobro granuliranog pijeska u odnosu na masu vlažnog treseta ima najveću jednoosnu tlačnu čvrstoću nakon njege od 90 dana. Ostala su punila smanjila čvrstoću stabiliziranog treseta. 
Introduction
Peat soils are considered to be an extremely soft, wet and unconsolidated deposit. Low bearing capacity, very high compressibility, and difficult accessibility, demonstrate problematic properties of the peat [1] . These soils have been classified into 10 groups (H 1 -H 10 ) by von Post based on water content, fibre properties, and degree of decomposition [2] . In the US, the peat is found in 42 states with the total area of 30 million hectares [3] . These soils accumulate if the rate of decay is slower than the addition [4] . The complexity of chemical and physical properties of the peat with stabilizer materials is such that it is not possible to predict for a given site which stabilizer and dosage will yield optimum performance [5] . Besides the difference in water content, the peat also differs notably in its organic content which leads to different reactions with stabilizers [6] . Fibrous peat is mostly made of the weakly decomposed plant remains which are not destroyed by rubbing. It is extremely acidic and has a high fibre content. The range of acidity in peat is very wide and so the pH value of most peats varies from 2 to 6 [7] . The in situ void ratio of fibrous peat is very high due to hollow cellular fibres and high initial water content [8] . According to Kogure et al [9] , peat contains the inner and outer void spaces that cause higher settlements compared to other soils. The void ratio as high as 25 can be found in fibrous peat whilst the void ratio as low as 9 is possible for a denser amorphous peat [10] . Mesri et al. [11] , define these superficial deposits as soil with a very high in situ water content of 500 % to 2000 %, which corresponds to the in situ void ratio ranging from 7.5 to 30, respectively. Natural fillers play a vital role in enhancing the bond in the cementation reaction of soil mixing. Actually there is no chemical reaction between products of cement hydration and sand particles, but it increases the soil strength by decreasing the void ratio of the cement treated peat [12] . So these high void ratios can lower the bearing capacity, which is why the peat is considered as an unsuitable soil for foundations in its natural state. Different ground improvement methods have been used to increase the bearing capacity of peat but, in comparison, deep soil mixing has proven to be more economical and needs minimum time [13] . This ground modification technique has been used for many diverse applications including building and embankment foundations, retaining structures, liquefaction mitigation, temporary support of excavations, and water control. In this method, hydraulic mineral binders are mixed with in situ peat to form a columnar reinforcement in the deep peat ground. Since peat has a high water content, it can provide water that is required for binder reactions. Therefore the dry mixing method is more effective for peat soil improvement compared to the wet mixing method [14] . Although a variety of laboratory and field studies have shown that cement is very effective in improving the bearing capacity of fibrous peat [5] [6] 15] , the failure of these columns is often attributed to unsuitable type and insufficient dosage of binder that is added to the soil [12] . Thus, there is a need to ameliorate the strength properties of stabilized peat columns. The shear strength of peat can generally be determined by in situ methods such as the field vane shear test and cone penetration test. Due to the fibrous structure of peat, its shear strength is somewhat different from that of mineral soil. The peat is mostly considered as a frictional material due to high fibre content [16] . But this high friction angle will not demonstrate high shear strength because the fibres are filled with water and gas. In laboratory, the most common test for determining the undrained shear strength (s u ) is the uniaxial compression strength (UCS) test. The undrained shear strength of a cohesive soil is equal to one-half of the uniaxial compressive strength (q u ). This test has been found to be an effective and economical method to determine the binder content that is required to obtain a specific shear strength. It is obvious that high organic content of peat can impede the stabilization process and normally peat needs greater quantities of binder than do inorganic soils. Thus, in order to neutralize this effect, the quantity of binder needs to exceed the threshold as shown in Figure 1 Several researchers have conducted laboratory experiments to study the effect of binders on the shear strength of peat soils. According to Wong et al [17] the uniaxial compressive strength of stabilized peat increases to 142.5 kPa at the minimum dosage of 250 kg/m 3 for 75 % cement and 25 % slag, and to 178.6 kPa using 300 kg/m 3 . This quantity of binder is confirmed by Axellson [6] who observed that the dosage of 400 kg/m 3 presents lower strength than 250 kg/m 3 , which shows that the water binder ratio has a significant effect on the shear strength of stabilized peat. Hebib and Farrell [15] stabilized fibrous peat and declared that the minimum dosage for peat soil activation is 150 kg/ m 3 . According to Chen and Wang [18] , the peat strength of 300 kPa could not be reached at the cement ratio of up to 30 % with the deep mixing method at a foundation reinforcing project on peat. In general terms, parameters that affect significantly the shear strength of cement stabilized soil are the water content, liquid limit, sand and fines content, density, the amount of added cement, curing time, and pH value [19] . Therefore, choosing an appropriate quantity of binder is of decisive significance for the improvement of peat soils. Engineering properties of fibrous peat originating from southern Malaysia are studied in this paper. In addition, series of uniaxial GRAĐEVINAR 65 (2013) 7, 633-640
Influence of natural fillers on shear strength of cement treated peat compressive strength tests have been carried out in order to evaluate the effect of various natural fillers on the uniaxial compressive strength (UCS) of the cement treated fibrous peat (hereinafter called cement peat) at different curing times. In fact, the study focuses on finding an optimum dosage of natural fillers at which the highest shear strength can be achieved.
Laboratory experiments

Materials
Disturbed and undisturbed peat samples were collected at Pontian, in the state of Johore, Malaysia, at the depth of about 1 m. Soft peat is frequently encountered in this area. In order to evaluate the undrained shear strength of the soil, vane shear tests were performed at different locations. This peat is famous for its low undrained shear strength and compression modulus [20] . The laboratory testing programs comprised basic tests on undisturbed peat specimens, and uniaxial compression tests on stabilized specimens. An ordinary Portland cement (hereinafter called cement) was used in the study as the binding agent. As shown in Figure 2 , four types of natural fillers containing well graded sand (SW), poorly graded gravel (GP), coarse poorly graded sand (C-SP), and fine poorly graded sand (F-SP), were used in this study. 
Preparation of samples
In this study, samples were prepared based on the EuroSoilStab design guide [5] . According to this design guide, the binder quantity is expressed in kg/m 3 relative to the wet mass of the peat. For instance, if we take that the density of peat is 1000 kg/m 3 and if the prescribed cement quantity is 300 kg/m 3 , then 300 gr of cement are needed for each 1000 gr of wet peat. After this, the quantities of natural fillers are calculated based on weight of the wet cemented peat. It should be noted that all stabilized peat samples used in this study were at their original natural moisture content of about 495 % (± 5 %). Therefore, no water was added to the natural peat soil during mixing with cement and different natural fillers. For the curing process, the stabilized peat specimens were kept in the closed and covered PVC moulds and maintained during the curing time at the temperature of 25 o C. The air-dried peat was first passed through a 2 mm sieve in order to remove coarse materials such as roots and large fibres. Water was added to achieve the natural water content of the peat, which was 495 %. A kitchen mixer was used to mix and homogenize the wet peat. Then the peat was mixed with cement and natural fillers for 10 minutes before it was placed in PVC moulds 38 mm in internal diameter and 250 mm in height. The prepared specimens were cured for 14, 28 and 90 days. The quantity of cement for each specimen was 300 kg/m 3 relative to the weight of wet peat at its natural water content. Natural fillers were added to the cement peat at binder dosages of 50, 75, 100, 125, 150, 175 and 200 kg/m 3 , relative to weight of the wet cemented peat. After curing, the specimens were extruded from PVC moulds and trimmed down to the height of 76 mm for testing. The total of 98 specimens containing undisturbed and stabilized peat with a different mix design were prepared and cured before testing. Various compositions of natural fillers used in testing are depicted in Table 1 . 
Methods of testing
In order to evaluate the undrained shear strength of stabilized peat specimens, various uniaxial compression tests were conducted in accordance with BS 1377:1990: Part 7: section 7 [21] . Specimens used in this study measured 38 mm in diameter and 76 mm in height. The ,as shown in Figure. 3. Care was taken to ensure that both ends of the specimen are flat to minimize bedding error, especially in case of stiffer samples. The test was considered complete either when a definite peak was obvious, or when the 20 % strain was reached, whichever occurred first. Three main types of failure occurred during the testing: plastic failure in which the specimen bulges laterally into a barrel shape, brittle failure in which the specimen shears along one or more surfaces, and an intermediate failure [22] .
Results and discussions
Basic results
It was established by close examination that the ground water table is at 0.5 m below the ground level, which shows that the peat has a high water holding capacity. It was observed that the peat is somewhat pasty and that the muddy water can be squeezed out. The plant structure can easily be identified. It has a highly fibrous fabric and individual fibers 1-5 cm long can easily be identified. Based on its level of humification, the soil can be classified as H 3 according to the von Post classification system [2] . The grain size analysis of the peat and different natural fillers was carried according to BS 1377:1990: Part 2 [21] . The corresponding curves are shown in Figure 4 . The physicochemical properties of peat samples and various properties of natural fillers were determined in laboratory based on the BS and ASTM standards [21, 23] , as shown in Tables 2 and 3 , respectively. The chemical composition of the cement, based on the manufacturer's information, is summarized in Table 4 . Influence of natural fillers on shear strength of cement treated peat Table 4 . Chemical compositions of cement used in this study
Uniaxial compression strength results
When adding cement to soft soils, a certain decrease in water content and increase in density may be expected. This is due to the fact that the cement hydration reduces the water content of the stabilized peat, and produces solid products of cementitious material reactions [7] . If the cement quantity of 300 kg/m 3 is added to the wet peat specimens after 14 days of curing, the density increased from 1 Mg/m 3 for undisturbed peat to the maximum density of about 1.37 Mg/m 3 . The density of all specimens remained approximately constant after 90 days of curing. Furthermore, the moisture content of cement peat was 125 % after 14 days of curing, and it showed a very small reduction even after 90 days. It should be noted that the moisture content of all specimens mixed with different fillers showed a very small reduction (maximum 3 %), compared to 14 days curing. The highest uniaxial compressive strength (UCS) of 115.2, 163.7 and 170.93 kPa was reached in stabilized peat specimens with cement only at a binder dosage of 300 kg/m 3 at 14, 28 and 90 days of curing, respectively. As a comparison, the UCS values obtained in this study were almost the same as those of the stabilized peat, which was found to be 178.6 kPa using the binder dosage of 300 kg/m 3 with 75 % cement and 25 % slag, according to Wong et al [17] . Similar findings were made by Hebib and Farrell [15] who increased the UCS of untreated Raheenmore peat to about 180 kPa using the binder dosage of 250 kg/m 3 with 60 % cement, 40 % pulverized fuel ash, and 3 % lime, where the stabilized specimens were cured in water for 28 days. They have also established that the binder dosage of 250 kg/m 3 cement can increase the UCS of untreated peat up to 1100 kPa, which is significantly higher compared to this study. It clearly indicates that UCS of stabilized peat is very much site dependent. by mass of wet peat, during 90 days of curing. The UCS of undisturbed peat was found to be 20 kPa, which is equal to the average shear strength of 11 kPa achieved in situ using the vane shear test. As can be noticed, the highest UCS of 188.8 kPa was attributed to SW followed by F-SP and C-SP with the UCS of 177.8 and 126.1 kPa, respectively. It can be seen from Figure 5 that the inclusion of SW and F-SP increases the shear strength of cement peat and yields significantly higher UCS when compared to those mixed with GP and C-SP. This was attributed to the inclusion of different size of solid particles, which filled voids of the cement stabilized fibrous peat. Figure 5 also shows that coarse fillers decrease the shear strength of cement peat for up to 65 %. Similar trends can be observed for specimens mixed with different filler dosages at 14, 28 and 90 days of curing. Different failure modes of stabilized peat are presented in Figure 6 . Most of the specimens exhibit brittle failure while the undisturbed peat fails in a budging manner. Most cracks appear at an early stage at the top part of the specimen and propagate by stress increments until failure. As can be seen, specimens stabilized with cement fail by inclined crack only. The same trend was observed in the cement peat mixed with SW, whereas vertical cracks appeared in most cement peat specimens mixed with F-SP. It should be mentioned that all stabilized specimens experienced small axial strain at failure which can be related to the brittle behavior of the specimens [17] .
Filler effect
The influence of different natural fillers on cement stabilized peat has been analyzed. The results in terms of improvement ratio of the undrained shear strength of cement peat mixed with different dosages of natural fillers to the undisturbed peat, at three different curing times of 14, 28 and 90 days, are presented in Figure. . As can be seen at 28 days of curing time, a reduction of UCS of cement peat can clearly be observed when the cement peat is mixed with GP and C-SP, while it is interesting to note that by adding 130 kg/m 3 F-SP, the UCS of cement peat increases from 163.7 to 167 kPa. This is an indication that the fine sand is more effective than the coarse one. Finally, it was established based on UCS tests at 90 days of curing that the wide range of 50 
Conclusions
Based on the uniaxial compressive strength testing conducted on 98 cement peat specimens mixed with different dosages of natural fillers, it was observed that:
-Cement peat specimens with 300 kg/m 3 of cement yield the uniaxial compression strength values of 112.5, 163.7 and 170.93 kPa at 14, 28 and 90 days, respectively, which increases the uniaxial compressive strength of undisturbed peat up to 850 %.
-The compressive strength of cement peat decreases significantly when mixed with different dosages of poorly graded gravel, coarse poorly graded sand, and fine poorly graded sand. Consequently, in order to increase the bearing capacity of cement fibrous peat, it is recommended to add well graded sand by dosage of about 125 kg/m 3 of weight of wet peat. This quantity should nevertheless be tested in field conditions.
